The effects of dietary sialic acid in dams on the learning abilities of their pups after weaning were investigated using rats deficient in n-3 fatty acids. Nine-week-old female Wistar rats were fed an n-3 fatty acid-deficient diet for 3 wk and were mated at 12 wk of age. During pregnancy and lactation, the female rats were fed the n-3 fatty acid-deficient diet, and were given water or water containing 1% N-acetylneuraminic acid (NANA) ad libitum. After weaning, the learning abilities of the pups were evaluated using a novel object recognition test. The recognition index of pups nursed by dams fed on water containing 1% NANA (NANA-intake dams) was significantly higher than that of pups nursed by dams fed only on water (NANA non-intake dams). There were no significant differences in the total sialic acid or docosahexaenoic acid contents in the cerebral cortex or hippocampus of pups nursed by dams fed on either type of water. The total dimethylacetal (DMA, from plasmalogen) level in the cerebral cortex of pups nursed by NANA-intake dams was significantly higher than that of pups nursed by NANA non-intake dams. These results suggest that dietary sialic acid in dams during pregnancy and lactation might be beneficial for the learning abilities of pups after weaning, which may be related to the plasmalogen level in the brain of pups.
Sialic acids are a family of nine-carbon carboxylated sugars. The three major sialic acids in nature are N-acetylneuraminic acid (NANA, Neu5Ac), N-glycolylneuraminic acid (Neu5Gc), and deaminoneuraminic acid (KDN). In most cases, sialic acids are present at the non-reducing terminal position of glycan chains of glycoproteins and glycolipids (1) . It is thought that sialic acids play a central role in protection from infection by trapping bacteria from the environment because they are abundant in milk, especially colostrums (2-4). There are many reports of sialic acids and their functional aspects with respect to protection, such as against influenza viruses (5, 6) .
On the other hand, there are also several reports about the relationships between sialic acids and brain functions. Gangliosides, neuronal membrane glycolipids, are concentrated in the synaptosomes and are important for differentiation, synaptogenesis and neurotransmission (7) . Administration of NANA for rats by both oral and intraperitoneal routes resulted in significantly more cerebral and cerebellar ganglioside and glycoprotein NANA than did glucose injection (8) . In addition, administration of NANA for rat pups intraperitoneally was associated with an increase in cerebral and cerebellar ganglioside and glycoprotein NANA concentrations, and rats treated with NANA learned a maze quicker than controls (9) . Furthermore, Wang et al. (10) reported about the correlation of sialic acid and major classes of fatty acids in brain cortex ganglioside ceramide; that is, the ganglioside-bound sialic acid in the brains of 25 infants who died of SIDS (sudden infant death syndrome) was correlated with ganglioside ceramide docosahexaenoic acid (DHA) and total n-3 fatty acids but not with arachidonic acid. The correlations tended to be stronger in breastfed than in formulafed infants. These reports suggest that sialic acid intake is important for brain function as well as protection against bacterial infections. In particular, Wang et al. (10) 's report is remarkable because there are few reports about the relationship between DHA and sialic acid in the brain.
In this study, we investigated the effects of dietary sialic acid in dams on the learning abilities of their pups after weaning using rats deficient in n-3 fatty acids. We studied the learning abilities using a novel object recognition test and compared the learning abilities of pups nursed by NANA intake dams with those of pups nursed by NANA non-intake dams.
MATERIALS AND METHODS
All animals used in the experiments were maintained in a controlled temperature room at 2461˚C with 50-60% relative humidity and a 07:00-19:00 light cycle. All animal procedures were performed in accordance with the "Guidelines for the Care and Use of Laboratory Animals" of the University of Shizuoka, which are based on the American Association for Laboratory Animals Science. All chemicals and solvents were of analytical grade. NANA was provided by Kyowa, Inc. (Tokyo, Japan).
Exp. 1 Determination of memory and learning abilities.
Animals: The animals used were 3-wk-old male Wistar rats (Japan SLC, Inc., Shizuoka, Japan), which had free access to food (CE-2, CLEA Japan, Inc.) and water.
Novel object recognition test: The memory and learning ability was evaluated using a novel object recognition test based on the methods of Bertaina-Anglade et al. (11) and Puma et al. (12) . The test was performed in a square plastic open-field box (70 cm370 cm350 cm) in a dark room illuminated with a red halogen lamp. The test was carried out as shown in Fig. 1 . The objects used in the test had different shapes and colors. The day before the test, each rat was submitted to a habituation session in the open field during which they were allowed to freely explore the arena for 5 min (habituation session). On the experimental day, rats received two trials spaced at different intervals (see below, T1-T2 interval). During the first trial (acquisition trial, T1), rats were placed in an arena containing two identical objects for an amount of time necessary to spend 15 s exploring these two objects to a limit of 6 min. Any rat that did not explore the objects for 15 s within the 6-min period was excluded from further experiments. Exploration was defined as the rat directing its nose within 2 cm of the object while observing, sniffing, or touching the object. In the second trial (test trial, T2), one of the objects presented in the first trial was replaced by an unknown object (novel object). The rats were then placed back in the arena for 2 min and the total time spent exploring each object was determined. The times spent actively exploring the familiar (F) and novel (N) objects were measured and the recognition memory was evaluated using a recognition index (RI) calculated for each rat with the formula: (N2F)/(N1F)3100. T1-T2 interval and scopolamine administration: T1 and T2 were separated by intervals of 10 min, 1 h, 4 h and 24 h. In half of the rats subjected to the 10-min T1-T2 interval, scopolamine (0.1 mg/kg B.W), a muscarinic receptor antagonist, was acutely injected by hypodermic needle 30 min before T1 as a negative control.
Locomotor activity: The locomotor activity of the rats was observed using a DV-Track video tracking system. The floor was divided into 16 squares with thin black lines. The total locomotion time and time spent in the central area (central 4 squares) were recorded.
Exp. 2 Effects of dietary sialic acid in dams on the learning abilities of their pups.
Animals: The study design is shown in Fig. 2 . Male and female 9-wk-old Wistar rats (F0) were obtained from Japan SLC, Inc. (Shizuoka, Japan). The female rats were fed a diet that was deficient or adequate in n-3 fatty acids (shown in Table 1 ) for 3 wk until mating at 12 wk of age. The male rats were fed a commercial diet (CE-2, CLEA Japan, Inc.). During pregnancy and lactation, the female rats were fed a diet deficient (n-3 Def group) or adequate (n-3 Adq group) in n-3 fatty acids. Half of the n-3 Def group was fed 1% NANA containing water ad libitum (n-3 Def1NANA group). After weaning, the pups (F1) were fed the same diet of their dams. At 25 or 26 d of age, the male pups were submitted to the novel object recognition test. After the test, whole blood was collected from the rats via a cervical wound and the brain was removed immediately and dissected to remove the cerebral cortex and hippocampus. The serum was separated by centrifugation at 3,000 3g for 20 min. The sera and brains were stored at 280˚C until analysis.
Determination of total sialic acid: The total sialic acid concentration in the cerebral cortex, hippocampus and serum were analyzed by the fluorometric HPLC methods of Suzuki et al. (13) and Hara et al. (14) , which use 1,2-diamino-4,5-methylenedioxy-benzene (DMB). The cerebral cortex and hippocampus were sonicated in 250 mL of distilled water. A 5-mL aliquot of this homogenates and serum was placed in a screw-capped 2 mL vial and mixed with 1.3 mL of 25 mm sulfuric acid. The vial was tightly closed and heated at 80˚C for 2.5 h to hydrolyze the serum. After cooling, 200 mL of this solution was placed in another screw-capped vial and 200 mL of the DMB solution (7 mm/L) was added, following which the mixture was heated at 60˚C for 2.5 h in the dark to develop the fluorescence of sialic acids. The reaction mixture was cooled in ice water to stop the reaction. A 10-mL aliquot of the resulting solution was injected into the chromatograph. NANA solutions (0.2-1 mg/mL) were prepared to obtain calibration curves. The HPLC system consisted of a JASCO PU1580 pump, a DG-980-50 degasser, a column oven (40˚C), and a FP-920 fluorescence detector (Em: 373 nm, Ex: 448 nm). The column was an EICOM STR ODS-II (150 mm34.6 mm i.d., EICOM, Tokyo, Japan). The mobile phase consisted of methanol, acetonitrile, and water (25 : 4 : 91) and the flow rate was 0.7 mL/min. The brain protein contents were also analyzed using a Bradford protein assay kit.
Fatty acid and dimethylacetal: The total lipid in half of the brain was extracted according to Bligh and Dyer's method which was modified by Hanson and Olley (15) . The extracted lipid was converted to fatty acid methyl esters (FAMEs, from diacyl type) and dimethylacetal (DMA, from plasmalogen type) by direct transesterification with methanol containing 1% concentrated hydrochloric acid for 2.5 h at 85˚C as previously described (16) . The FAMEs and DMA were separated by gas chromatography using a flame ionization detector (GC-14A; Shimadzu Co., Ltd., Kyoto, Japan). The chromatograph was equipped with a fused silica capillary column, TC-WAX (30 m30.25 mm i.d.; GL Science Co., Ltd., Tokyo, Japan). The carrier gas was helium with a split injection of 50 : 1. The temperature profiles were as follows: initial temperature, 170˚C; heating rate, 1˚C/min; final temperature, 225˚C (final time, 15 min); injector temperature, 250˚C; and detector temperature, 270˚C. The FAMEs and DMA were identified by comparison of their retention times with those of standards and by gas chromatography-mass spectrometry (GC-MS). The GC-MS analysis was performed after oxazoline derivatization (17) with a Shimadzu QP-5000 GC-MS system using a Supelco Omegawax 320 column (30 m30.32 mm). The temperature was set to 260˚C (column), 200˚C (interface), and 200˚C (ionization chamber). The ioniza- 
tion voltage was 70 eV. The DMA was identified by the characteristic peak of the DMA fragment at m/z 75 (CH (OCH3)2). Statistical analysis: All results were expressed as the means6SE, and the statistical significance of differences was determined using Student's t-test and one-way analysis of variance (ANOVA) with SPSS 11.5J for Windows. If an F-test was significant, comparisons between the groups were performed using Tukey's multiple range test. The significance level was set at p,0.05.
RESULTS

Exp. 1 Determination of test conditions in the memory and learning ability
The effects of different T1-T2 intervals on the memory performance of rats during the novel object recognition test are shown in Fig. 3 . The RI was the highest in the 10-min T1-T2 interval group. The RIs of the 10 min1scopolamine and 24-h T1-T2 interval groups were significantly lower than those of the 10-min T1-T2 interval group. The locomotor activity of rats is shown in Table 2 . The total locomotion of the 10 min1scopol-amine group was significantly higher than that of other groups. There were no significant differences in the time spent in the central area among the five groups.
Exp. 2 Effects of dietary sialic acid in dams on the learning abilities of their pups
The effects of NANA on the average water intake and body weights of dams during pregnancy and lactation, and on the final body weights of pups are shown in Table 3 . The water intake of the n-3 Def1NANA group was significantly lower compared with that of the n-3 Def and n-3 Adq groups during pregnancy and lactation. There were no significant differences in the average Fig. 3 . Effects of different T1-T2 intervals on the memory performance of rats during the novel object recognition test.
Results are expressed as means6SE. Asterisks (*) indicate significant differences at p,0.05 based on Tukey's multiple test compared to 10 min. The effects of NANA uptake by dams on the memory performance of their pups after weaning in the novel object-recognition test are shown in Fig. 4 . The time spent exploring familiar object by pups nursed by dams fed the n-3 Def diet was significantly longer than that of pups nursed by dams fed the n-3 Adq and n-3 Def1NANA diets. The time spent exploring novel object by pups nursed by dams fed the n-3 Def diet was significantly shorter than that of pups nursed by dams fed the n-3 Adq. The RIs of pups nursed by dams fed the n-3 Def diet were significantly lower than those of pups nursed by dams fed the n-3 Adq and n-3 Def1NANA diets. There were no significant differences in the RIs of pups nursed by dams fed the n-3 Adq and n-3 Def1NANA diets. The total sialic acid contents of the serum, cerebral cortex, and hippocampus of pups are shown in Table 4 . The total sialic acid content in the serum of pups nursed by dams fed the n-3 Def diet was significantly lower than that of pups nursed by dams fed the n-3 Adq diet. There were no significant differences in the total sialic acid contents in the cerebral cortex or hippocampus of pups nursed by dams from the three different diet groups.
The fatty acid and DMA compositions in the cerebral cortex and hippocampus of pups are shown in Tables 5 and 6 , respectively. The fatty acid compositions of the cerebral cortex and hippocampus of pups were affected by the diets of their dams, i.e., the levels of C20:4n-6, C22:4n-6, and C22:5n-6 were significantly higher in pups nursed by dams fed the n-3 Def and n-3 Def1NANA diets than in pups nursed by dams fed the n-3 Adq diet. By contrast, the level of C22:6n-3 was significantly lower in pups nursed by dams fed the n-3 Def and n-3 Def1NANA diets than in pups nursed by dams fed the n-3 Adq diet. The total DMA level in the cerebral cortex of pups nursed by dams fed the n-3 Def1NANA diet was significantly higher than that of pups nursed by dams fed the n-3 Def diet and significantly lower than that of pups nursed by dams fed the n-3 Adq diet. There were no significant differences in the total DMA level in the hippocampus in pups nursed by dams fed the three different diets. 
DISCUSSION
In this study, we evaluated the memory and learning abilities of rats using a novel object recognition test. Rodents exhibit exploratory behavior in a new environment. According to this learning paradigm, the difference in the exploration of a previously observed object and a novel object is used as an index of memory performance. Behavioral tests related to memory and learning use several different methods, such as the Morris water maze tests (18) , avoidance tests (19) , and eight-arm radial maze tests (20) . However, these tests involve various additional factors, such as fear, stress from water or electric shocks, and the acquisition of a reward (food). Therefore, we used a novel object recognition test, which measures visual memory based on the exploration of the novel object.
In the present study, we assessed the memory and learning abilities of Wistar rats at 3 wk of age using a novel object recognition test where the T1-T2 interval varied from 10 min up to 24 h. The results of this study showed that rats were able to discriminate between the two categories of objects for up to 4 h, though the performance at 10 min was the best. The amnesic properties of scopolamine, a muscarinic receptor antagonist, are well known in humans and animals (21) . In this study, scopolamine-treated rats with a 10 min of T1-T2 interval did not retain their memory of the discrimination between the two categories of objects. There were also no significant differences between the locomotor activity and the time spent in the central area for rats in the five groups, with the exception of the scopolaminetreated group. Bertaina-Anglade et al. (13) reported that the duration of recognition memory differed between rats and mice, i.e., Sprague-Dawley rats were able to discriminate between two categories of objects at 6-7 wk of age for up to 2 h, whereas C57Bl/6J mice were able to recognize familiar and novel objects at 10-12 wk of age for up to 1 h. Though the rats used this study were younger than those Bertaina-Anglade et al. (13) used, the results of recognition memory showed the same tendency. Therefore, the results of this study suggest that the memory and learning abilities of rats were evaluated satisfactorily using the novel object recognition test with a 10-min T1-T2 interval.
Docosahexaenoic acid (DHA, C22:6n-3) is present at a high level in the membrane phospholipids of the nervous system and a deficiency of this fatty acid is associated with the loss of discriminative learning ability (22, 23) . It is well known that DHA is mainly connected to phosphatidylethanolamine, phosphatidyserine and phosphatidylcholine in the brain. However, Wang et al. (10) reported that gangliosides in the brain cortex of infants also included DHA. There were also a significant correlations between the ganglioside sialic acid content and proportion of DHA, which suggested that sialic acid and DHA work together to increase the fluidity and functionality of neuronal membranes. In this study, we investigated the effects of dietary sialic acid in n-3 fatty acid-deficient dams during pregnancy and lactation on the learning abilities of their pups. We also analyzed the serum total sialic acid, DHA, and DMA from plasmalogen concentrations in the pups. This study showed that the memory and learning abilities and the serum sialic acid concentration of pups nursed by dams fed the n-3 Def1NANA diet were significantly higher than those of pups nursed by dams fed the n-3 Def diets. In addition, the total DMA level in the cerebral cortex of pups nursed by dams fed the n-3 Def1NANA diet was significantly higher than that of pups nursed by dams fed the n-3 Def diet. This suggests that the plasmalogen levels in the cerebral cortex of pups nursed by NANA-intake dams were higher than those of pups nursed by NANA nonintake dams. However, no difference in the DHA levels in the brain of pups was detected in either groups of dams.
Morgan and Winick (9, 24) reported that the levels of the memory and learning abilities of rats injected with NANA intraperitoneally were higher than those of rats not injected with NANA according to a novel object recognition test. Therefore, it was suggested that the intake of NANA improved the memory and learning ability. Our results showed that dietary intake of NANA by dams during pregnancy and lactation improved the memory and learning abilities of their pups. Wang et al. (10) reported that the ganglioside-bound sialic acid level in the brains of 25 infants who died of SIDS correlated with the proportion of DHA in the ceramide. However, in the present study, there were no significant differences in the DHA level in the brain of pups between the NANA intake and non-intake dams. By contrast, the plasmalogen levels in the cerebral cortex of pups nursed by NANA intake dams were significantly higher than those of pups nursed by NANA non-intake dams in this study. The physiological function of plasmalogen is not known, though recent studies suggest that plasmalogen in the phosphatidylethanolamine in the brain plays the role of an antioxidant by lowering the ability of cholesterol to be oxidized in phospholipid bilayers as well as in the entire membranes (25, 26) . In addition, it has been reported that the plasmalogen concentration in the plasma is significantly reduced by aging and hyperlipidemia (27) , whereas the ethanolamine plasmalogen levels in the serum were lower in dementia patients with Alzheimer's disease (28, 29) . Based on these studies, it is concluded that plasmalogen has important functions in vivo, especially the antioxidant function for maintaining and improving brain functions. In this study, we did not elucidate why the memory and learning abilities of pups nursed by NANA-intake dams were higher than those of pups nursed by NANA non-intake dams. However, the plasmalogen levels in the brain of pups nursed by NANA-intake dams were higher than those of pups nursed by NANA non-intake dams, which suggests that sialic acid intake by dams during pregnancy and lactation may decrease the oxidative stress in the brain of pups which could lead to improved brain function. Further investigations of the relationships between sialic acid intake and plasmalogen level in the brain are needed.
In conclusion, this study showed that the provision of dietary sialic acid to dams during pregnancy and lactation might be beneficial for the learning abilities of their pups after weaning, which may be related to plasmalogen level in the brain of pups.
